C ovalent modifications of nucleosomes regulate chromatinbased processes such as DNA transcription, replication and repair. Many modifications occur on the accessible histone tails that protrude from the nucleosome core particle. These modifications include acetylation and methylation of lysine residues and are recognized by 'reader' domains that recruit various proteins. The molecular basis for how reader domains recognize histone modifications has been provided by structural studies of reader domain-histone peptide complexes 1 .
alternative splicing, DNA methylation, DNA damage signaling, and repression of cryptic transcription and histone exchange 20 .
The PWWP domain binds methylated H3K36 histone tail peptides with much lower affinity 11, 15 than other methyl-lysine reader domains such as PHD fingers 21 . To achieve high-affinity binding, PWWP domains rely on additional interactions with DNA. Indeed, the PWWP domain was first described as a DNA-binding fold 7, 22 , and the PWWP domain in Pdp1 was found to bind both a methylated histone peptide and DNA 23 . Nucleosomal DNA was shown to contribute strongly to high-affinity binding of a PWWP domain to an H3K36-methylated nucleosome 24, 25 , and it was predicted that the domain may bind both DNA gyres 25 . Very recently, structures were reported of the PWWP domain of HDGF in complex with a 10-base pair (bp) DNA fragment (Protein Data Bank (PDB) 5XSK) and of the PWWP domain of HRP3 (also called HDGFL3) with an H3K36me3 peptide and DNA 26 . However, there is no structure of a PWWP domain bound to a nucleosome.
To investigate how a reader domain binds a modified nucleosome, we solved the cryo-electron microscopy (cryo-EM) structure of the PWWP domain of LEDGF in complex with an H3K36me3 analog-containing nucleosome. The association of LEDGF with both H3K36me3 and DNA has been well studied 14, 24, 25, 27, 28 . LEDGF is also known as PSIP1, p75 or p52, and functions as a transcription coactivator 29 and as an interactor of HIV-1 integrase 28 . LEDGF helps RNA Pol II to overcome the nucleosome barrier during transcription 30 . Our structure explains cooperative interactions of the PWWP domain with the histone tail and DNA, and recruitment of many diverse human PWWP domain-containing factors to H3K36methylated chromatin regions.
Results
Linker DNA stabilizes LEDGF binding to a modified nucleosome. We assembled recombinant nucleosomes with H3K36me3 mimicked by a methyl-lysine analog 31 . The lysine is mutated to cysteine and alkylated to form a thioether mimicking methylated lysine (H3K C 36me3). Purified recombinant full-length LEDGF bound to the H3K C 36me3-modified nucleosome, as seen in an electrophoretic Structure of H3K36-methylated nucleosome-PWWP complex reveals multivalent cross-gyre binding mobility shift assay (EMSA) (Extended Data Fig. 1a ). The complex was assembled by mixing LEDGF and an H3K C 36me3-modified nucleosome with 145 bp DNA with the canonical Widom 601 sequence at a molar ratio of 2:1. The complex was then isolated by size-exclusion chromatography, cross-linked with glutaraldehyde and used for the preparation of cryo-EM grids. Cryo-EM data were collected on a Titan Krios microscope (FEI) with a K2 detector (Gatan) (see Methods).
Analysis of the cryo-EM data revealed weak density for LEDGF (Extended Data Fig. 1b , left). To stabilize LEDGF on the nucleosome, we prepared H3K C 36me3-modified nucleosomes with an additional 20 bp of extranucleosomal linker DNA at the exit site. Indeed, LEDGF bound more tightly to the extended nucleosome containing 165 bp of DNA (Extended Data Fig. 1a ). Cryo-EM analysis revealed a defined additional density for the PWWP domain of LEDGF (Extended Data Fig. 1b , right). We therefore subjected the modified nucleosome-LEDGF complex with the 165 bp DNA to structure determination.
Cryo-EM structure of nucleosome-PWWP complex. The cryo-EM structure was determined from 55,142 particles at a resolution of 3.2 Å (see Methods and Extended Data Fig. 2 ). Whereas the nucleosome and the PWWP domain of LEDGF were well defined in the density, the two AT-hook regions and an HIV integrase binding domain of LEDGF 27, 32 were mobile ( Fig. 1a,b ). This is consistent with results showing that the PWWP domain mediates chromatin tethering of LEDGF 33 . The nucleosome core was resolved at 3.0-Å resolution, whereas the PWWP domain was resolved at local resolutions of 3.7-5.8 Å (Extended Data Fig. 2c ).
Density for purine and pyrimidine bases could be distinguished around the dyad from super-helical location (SHL) −4 to SHL +4 and enabled tracing of the nucleosomal DNA sequence (Extended Data Fig. 3e,f ). Of the 20 bp of extranucleosomal DNA, the proximal 5 bp could be traced in the final model. We also built the H3 tail from the octamer core to residue V35 (Extended Data Fig. 3 ). The side chain of residue H3K C 36me3 was clearly visible (Extended Data Fig. 3c ). Fragmented density for a second PWWP domain was observed on the other side of the nucleosome around the second methylated H3 tail, indicating that two copies of LEDGF could bind simultaneously to a methylated nucleosome (Extended Data Fig. 1b ). However, the second protein copy could not be included in the model due to its poor density. The structure was subjected to real-space refinement and showed very good stereochemistry (see Methods and Table 1 ).
Multivalent nucleosome binding by the PWWP domain.
The structure shows that the PWWP domain binds the methylated H3 tail and both DNA gyres of the nucleosome (Fig. 1b ). The PWWP domain contacts DNA at SHLs +7 and −1, where the H3 tail protrudes from the nucleosome core between the two DNA gyres (Fig. 1b) . The same face of the PWWP domain interacts with the H3 tail and both DNA gyres (Extended Data Fig. 4a ). The multivalent binding mode observed here has not been seen in previous nucleosome-protein complexes and explains why the binding affinity of the PWWP domain to an H3K36me3-modified nucleosome is ~10,000-fold higher than to a free H3K36me3modified peptide 24, 25 . The structures remain almost unaltered on binding, with root-mean-square deviations of 1.1 Å and 1.3 Å compared with the free nucleosome 34 and PWWP structures (PDB 4FU6), respectively.
Interaction with methylated histone tail. The aromatic cage of the PWWP domain binds the H3K C 36me3 side chain via a cation-π interaction, as previously observed in H3K36me3 peptide-bound structures of the PWWP domain of BRPF1, ZMYND11 and DNMT3B (refs. 11, 35, 36 ) ( Fig. 2a ). The aromatic cage is formed by residues M15, Y18, W21 and F44. The histone tail interacts with the PWWP domain not only via its K C 36me3 side chain, but also via the main chain of residues V35, and K C 36me3 with the side chain of residue E49 in the PWWP domain ( Fig. 2a ). Overall, these interactions are highly similar to those observed in other isolated histone H3 tail peptide-PWWP domain structures. Interactions with both DNA gyres. Interactions of the PWWP domain are exclusively with the phosphodiester backbone in the minor grooves of DNA, and no interactions with DNA bases are observed. This indicates that the binding between the PWWP domain and nucleosomal DNA is not sequence specific. Two positively charged patches that flank the aromatic cage of the PWWP domain contact negatively charged backbones of both DNA gyres (Fig. 2b ). Whereas one patch (patch 1) binds the DNA gyre at SHL +7, the other patch (patch 2) binds the second DNA gyre at SHL −1. Whereas the former contact was recently observed in crystal structures of PWWP domains with short DNA fragments 26 (Extended Data Fig. 4b ), it was not known that it reflects binding to SHL +7.
In more detail, the PWWP domain patch 1 is formed by residues from loops β1-β2 and α1-α2. Side chains of K14 and K16 from the β1-β2 loop and of K73 and R74 from loop α1-α2 form a network of electrostatic interactions and hydrogen bonds with the phosphates of nucleotides −66 to −69 on the reverse strand of DNA at SHL +7 ( Fig. 2c and Extended Data Fig. 4c ). In addition, the side chain of K75 in loop α1-α2 forms two hydrogen bonds with the phosphate groups of nucleotides 72 and 73 on the forward chain at SHL +7. This interaction contributes to stabilizing the LEDGF-nucleosome interaction on the exit site where linker DNA was added. The positively charged patch 2 of the PWWP domain contains residues K39 and K56 and interacts with the phosphate backbone groups of nucleotides 11 and 12 at SHL −1 ( Fig. 2c and Extended Data Fig. 4c ).
Conserved mode of PWWP-nucleosome interaction. Most proteins that recognize H3K36-methylated nucleosomes employ a PWWP domain. The human genome codes for more than 20 proteins that contain a PWWP domain. PWWP domains can be categorized into six subfamilies based on variable insertion motifs 8, 15, 37 (Supplementary Note). LEDGF belongs to the subfamily of HDGF-related proteins (HRP), and LEDGF residues involved in methylated nucleosome recognition are highly conserved in this subfamily (Fig. 3a) . This predicts that our nucleosome-PWWP structure is a good model for HRP subfamily members that bind with their PWWP domains to methylated nucleosomes (Fig. 3b ). Although these PWWP domains differ in the presence of specific insertions, they all share the two DNAinteracting positively charged surface patches that face the DNA gyres (Supplementary Note and Fig. 3c ), suggesting that all PWWP domains interact with nucleosomes in a similar way. This is supported by a superposition of the three known structures of PWWP domains bound to an H3K36me3-containing histone H3 peptide (BRPF1, ZMYND11 and DNMT3B) 11, 35, 36 onto our structure (Fig. 3d ).
Discussion
Here, we report the cryo-EM structure of a PWWP reader domain bound to a nucleosome with a trimethylation mark at residue K36 of histone H3. The structure reveals that the PWWP domain uses a single composite binding face to contact the methylated H3 tail and both DNA gyres flanking the tail. This binding mode is distinct from classical nucleosome interactions, where factors generally bind to the H2A-H2B acidic patch 34, 38 . The observed binding mode is also distinct from recent structural studies of nucleosomes in complex with a deubiquitinase module or histone methyltransferases, which all bind to the ubiquitinated histone octamer face 39, 40 , and not to the edge of the nucleosome, as observed for the PWWP domain here.
Our structural observations are highly consistent with previous mutagenesis results that identified key residues involved in nucleosome-PWWP interaction. In particular, van Nuland et al. mutated the positively charged residues in the PWWP domain of LEDGF and identified key residues involved in DNA interactions 25 . Mutation of each of the positively charged residues located in both DNA-interacting patches (K14A, K16A, K73A, R74A and K75A in patch 1, and K39A and K56A in patch 2) observed in our structure had been previously shown to lead to reduced binding affinity to nucleosome 25 . Substitution of R74 in the LEDGF PWWP domain abolished its interaction with the nucleosome in vitro 25 , and was shown to dramatically reduce chromatin tethering and HIV-1 infectivity in vivo 33, 41 . These published functional data validate our structural results.
Comparison of our structure with available structures of PWWP domains with isolated H3 peptides or DNA fragments, or both, revealed that binding of the methylated H3 tail and of one of the two DNA gyres is similar (Extended Data Fig. 4b ). This shows that structures of minimal complexes provide binding sites that are relevant for understanding domain interactions with the nucleosome. However, from these structures, the detailed contacts and the exact position of the PWWP domain on the methylated nucleosome could not be predicted. Several models were proposed for how PWWP domains bind to a methylated nucleosome [24] [25] [26] 36 , but these deviate from our nucleosome-PWWP complex structure (Extended Data Fig. 5 ). Although the models placed the PWWP domain near the H3 tail as observed, and predicted cross-gyre binding 25, 26 , they suggested distinct DNA positions and different domain orientations, apparently because DNA fragments in available structures could not be assigned to one of the two DNA gyres and the SHLs of the nucleosome. The structure is also a good model for understanding the binding of other PWWP domain proteins to H3K36me3-modified nucleosomes. For example, the DNA methyltransferase DNMT3B is recruited to transcribed genes, which leads to their preferential methylation 42 . DNMT3B recruitment to transcribed genes requires SETD2-mediated methylation of H3K36 and a functional PWWP domain in DNMT3B (ref. 42 ). Our structure thus suggests a general mechanism for recruitment of many other PWWP domain-containing proteins to H3K36-methylated chromatin regions, including proteins involved in transcription elongation 35 , histone acetylation 11 and methylation 16 , and DNA methylation 42 and repair 43 .
A very interesting finding from our work is that the PWWP reader domain can bind across both DNA gyres of the nucleosome. Such cross-gyre binding of nucleosome-interacting proteins was proposed already 25 years ago 44 , but only observed very recently, when a study revealed that transcription factors of the T-box family use such cross-gyre binding 45 . Recent structures of chromatin remodeling enzymes and a retroviral intasome bound to nucleosomes also showed cross-gyre binding through multiple domains [46] [47] [48] [49] [50] , but with different geometries and at distinct SHL positions.
Our structure also suggests a mechanism that could contribute to preventing nucleosome loss during gene transcription. The SETD2 methyltransferase associates with transcribing Pol II and introduces the H3K36me3 modification co-transcriptionally 18, 19 . It was shown in yeast that this results in decreased nucleosome turnover and maintains intact chromatin within actively transcribed regions 51, 52 . Stabilization of nucleosomes after Pol II passage can be achieved indirectly, by recruitment of a histone deacetylase that triggers chromatin closure and a chromatin remodeling complex that prevents histone exchange during transcription in yeast 53, 54 . Our structure suggests that nucleosome stabilization could also be achieved directly, by cross-gyre binding of proteins with PWWP domains to H3K36me3-modified nucleosomes. Thus, binding of PWWP domains to H3K36-methylated nucleosomes that occurs in the wake of transcribing Pol II could help to prevent histone loss and spurious transcription initiation from inside transcribed genes.
Our structure also has implications for understanding nucleosome interactions of other proteins of the 'Royal' family that bind methylated H3K36 and DNA, such as the Tudor domain of Polycomb-like proteins PHF1 and PHF19 and the chromo domain of MRG15 (refs. [55] [56] [57] [58] ). These domains share a β-barrel with the PWWP domain but differ in subsidiary motifs (Extended Data Fig. 6a ). However, structural superposition shows that the H3 tail is bound differently to the domain surface and that the H3K36me3 moiety inserts into the aromatic cage differently (Extended Data Fig. 6b ). Assuming that the position of the H3 tail protruding between the two DNA gyres is restricted, the Tudor domain of PHF1 would clash with one end of nucleosomal DNA and would not be able to bind to the nucleosome as observed here (Extended Data Fig. 6c ). This predicts that Tudor domain binding to the H3K36-methylated nucleosome destabilizes the nucleosome and leads to unwrapping of terminal DNA. This could account for the known increase in DNA accessibility on binding of PHF1 to the nucleosome 59 .
There are several other reader domains that were reported to bind both a modified histone tail and DNA simultaneously. In particular, the PWWP domain of Pdp1 and the chromo domain of MSL3 are thought to interact with nucleosomes methylated at H4K20 (refs. 23, 60 ) , and the chromo domain of CBX2 and CBX8 and their homologs with nucleosomes containing H3K27me3 (refs. 2, 61 ). Combined histone tail and DNA interactions were also proposed for a double bromodomain in TAF1 (ref. 62 ), and recently shown with binding assays for the bromodomains of BRDT and BRG1 (refs. 63, 64 ). However, the structural basis for how these reader domains recognize various histone modifications in the context of the nucleosome cannot be predicted and awaits future studies.
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